We report the energy band structure of the single crystalline MgO/ n-Ge͑001͒ heterojunction characterized by x-ray photoelectron spectroscopy. The valence band offset of ⌬E V = 3.64Ϯ 0.07 eV with a 1.49Ϯ 0.02 eV band bending was obtained. Given the experimental band gap of MgO ͑7.83 eV͒, a type-I band alignment with a conduction band offset of ⌬E C = 3.52Ϯ 0.07 eV is found. The band alignment of the MgO/ n-Ge heterojunction including the large band bending was analyzed by a theoretical model taking into account the formation of the interface dipole.
One of main challenges in the field of semiconductor ͑SC͒-based spintronics is to electrically create the spinpolarized current in SCs. [1] [2] [3] Crystalline bcc ferromagnet ͑FM͒/MgO/SC tunnel contacts are one of the most promising elements for the efficient creation of the spin current in SCs, because these contacts can overcome the conductivity mismatch between the FM and SC, provide a higher tunnel spin polarization, and avoid interdiffusion/intermixing between the FM and SC. [4] [5] [6] [7] [8] Utilizing these advantages, significant progress has been made concerning spin creation in GaAs and Si. 6, 7 Recently, FM/ MgO/ n-Ge tunnel contacts have attracted much attention due to the lattice matching between MgO and Ge allowing for synthesis of high-quality MgO tunnel barrier on Ge 9,10 and the feasibility of solving the conductivity mismatch between the FM and Ge by adjusting the tunnel barrier thickness. 11, 12 To date, the Fermi level position of the FM with respect to the conduction band minimum of Ge in FM/MgO/Ge tunnel contacts have been intensively studied by the I-V-T method [10] [11] [12] but there is a lack of experimental data available on the energy band alignment parameters for the MgO/ n-Ge interface. Such data are crucial for complete understanding of the fundamental transport mechanism of spin polarized electrons through the FM/ MgO/Ge tunnel contacts.
X-ray photoelectron spectroscopy ͑XPS͒ has been demonstrated to be a direct and powerful tool for measuring the valence band offset ͑VBO͒ of heterostructures. 13 In this paper, we report the energy band structure of the single crystalline MgO/ n-Ge͑001͒ heterojunction determined by XPS measurement. Especially, we describe the VBO and the conduction band offset ͑CBO͒ at the MgO/Ge interface.
Three types of the samples were prepared for the XPS experiment: ion bombardment and annealing ͑IBA͒-exposed Ge͑001͒ substrate, MgO͑10 nm͒/Ge͑001͒, and MgO͑2, 3, 4 nm͒/Ge͑001͒ heterojunctions. The crystalline MgO/Ge samples were grown by molecular beam epitaxy system. Details of the sample preparation have been described elsewhere. 9 Briefly, a well-defined ͑2 ϫ 1͒ reconstructed Ge͑001͒ surface was obtained by cleaning procedure combined ex-situ chemical cleaning and in-situ IBA process. The MgO͑2, 3, 4, 10 nm͒ layers were grown on the ͑2 ϫ 1͒ reconstructed Ge͑001͒ ͑n-type, Sb-doped, Ϸ 16-20 ⍀ cm͒ surface at 125°C by e-beam evaporation. Then, the samples were subsequently annealed in-situ for 30 min at 300°C to improve the surface morphology and crystallinity. After growth, the samples were immediately transferred to an independence XPS spectrometer system ͑ESCA 2000, VG Microtech, U.K.͒ with Mg K␣ ͑1253.6 eV͒ x-ray source. The source power was 150 W, the analysis region was about 2 ϫ 2 mm 2 , and the exit angle was 90°. The electron pass energy was 20.0 eV. Any offsets in the binding energy scale due to charging effects were calibrated using the C 1s peak ͑284.6 eV͒.
To determine the VBO ͑⌬E V ͒ at the MgO/Ge͑001͒ interface in Fig. 1͑a͒ , we have used a core-level ͑CL͒ photoemission-based method, 14, 15 taking the Ge 3d 5/2 and Mg 2p CLs as reference peaks as follows: MgO − E VBM MgO ͒ from the photoelectron spectra of the IBA-exposed Ge͑001͒ and the MgO͑10 nm͒/Ge, respectively, and then ͑ii͒ the energy difference ͑⌬E CL ͒ between Mg 2p and Ge 3d 5/2 CLs was determined from the MgO͑2, 3, 4 nm͒/Ge spectra. Figure 2͑a͒ shows shallow CL and valence band ͑VB͒ spectra for the IBA-exposed Ge͑001͒ substrate, the MgO͑10 nm͒/Ge, and the MgO͑2, 3, 4 nm͒/Ge heterojunctions. The MgO͑10 nm͒/Ge sample was used to obtain the energy difference ͑E Mg 2p
MgO − E VBM MgO ͒ of bulk MgO: a similar spectrum was found for the IBA-exposed MgO͑001͒ substrate ͑not shown͒. The MgO͑2, 3, 4 nm͒/Ge were used to investigate the VBO ͑⌬E V ͒ at the MgO/Ge interface. Generally, the analysis thickness ͑ϳ3 sin ͒ of XPS spectroscopy is limited by the mean free path ͑͒ of the x-ray photoelectrons and the takeoff angle ͑͒. Since the mean free path of the x-ray photoelectrons is about 1.5-2.0 nm around 1 keV kinetic energy and the takeoff angle is 90°, both Mg 2p and Ge 3d signals can be simultaneously observed in the spectra obtained from the MgO͑2, 3, 4 nm͒/Ge. 16 The CL spectra of Ge 3d and Mg 2p were fitted to Voigt ͑mixed Lorentzian-Gaussian͒ line shapes by employing a Shirley background to determine the positions of the Ge 3d 5/2 and Mg 2p CLs. The valence band maxima ͑VBM͒ of Ge and MgO were determined from the intersection of linear curve fits to the leading edge of the VB spectrum and the background at lower binding energies. Since remarkable accordance of the fitted line to the raw data has been obtained, the error of CL positions should be lower than 0.02 eV, as evaluated by numerous fittings with different parameters. The main uncertainty arises from the difficulty in determining the VBM accurately due to scattered data. The energy parameters obtained from Fig. 2 are listed in Table I . The positions of the Ge 3d 5/2 CL and the VBM for the Ge͑001͒ substrate obtained from fits to the spectra in Figs. 2͑b͒ and 2͑c͒ were 29.58Ϯ 0.02 eV and 0.09Ϯ 0.05 eV respectively. Similarly, the positions of the Mg 2p CL and the VBM, as determined from the spectra for the thick MgO͑10 nm͒/Ge sample ͓Figs. 2͑d͒ and 2͑e͔͒, were estimated to be 48.59Ϯ 0.02 eV and 1.97Ϯ 0.07 eV, respectively. The shape is quite symmetric, implying a single Mg-O bonding state. The Ge 3d 5/2 and Mg 2p CLs, determined from the thin MgO͑2, 3, 4 nm͒/Ge spectra shown in Figs. 2͑f͒ and 2͑g͒, are also listed in Table I . The average values of Ge 3d 5/2 and Mg 2p are 27.98Ϯ 0.02 eV and 48.75Ϯ 0.02 eV, respectively. Compared with the Ge 3d 5/2 peak for the Ge͑001͒ substrate, the averaged Ge 3d 5/2 in the thin MgO/Ge was shifted by 1.49Ϯ 0.02 eV toward a lower binding energy, as shown Fig. 2͑a͒ , indicating that the band edge of n-Ge bends upward at the interface after deposition of MgO. This effect can be ascribed to negatively charged states at the MgO/Ge interface 17 as will be discussed below. By substituting the results shown in Table I into Eq. ͑1͒, the VBO ͑⌬E V ͒ at the MgO/Ge interface was calculated to be 3.64Ϯ 0.07 eV. This value could be influenced by band bending and strain effects. As the XPS measurement is spatially averaged due to the finite mean free path of the elastic electrons ͑1.5-2.0 nm͒, the band bending could induce a systematic error in our experiments. We have checked that this error 15 is smaller than the average standard deviation of ϳ0.02 eV given above. The strain could affect the VBO value by inducing a piezoelectric field in the MgO overlayer of the MgO/Ge heterojunction. The lattice mismatch of 5.3 % between MgO and Ge 9 is comparable to the lattice mismatch ͑Ϫ4.2% or Ϫ6.5%͒ between MgO/GaN 18 or MgO/AlN 19 interfaces, in which strain-induced piezoelectric field could be neglected.
The CBO ͑⌬E C ͒ can be estimated using the formula, 20 have reported that the band gap increases from 5.0 to 7.6 eV as the MgO thickness varies from 2 to 6 monolayers ͑MLs͒. This suggests that the thinnest MgO layer which we have used ͑ϳ10 MLs͒ already possesses bulk MgO characteristics 16, 21 ͓i.e., a band gap of 7.83 eV at room temperature ͑RT͔͒. 22 Considering that the Ge band gap is 0.67 eV at RT, the ⌬E C is estimated to be 
FIG. 2.
͑Color online͒ ͑a͒ Shallow CL and VB spectra for a IBA-exposed Ge͑001͒ substrate, a MgO͑10 nm͒/Ge, and MgO͑2, 3, 4 nm͒/Ge heterojunctions. The blue line marks the shift of Ge 3d CL position after MgO deposition. XPS spectra of ͑b͒ Ge 3d CL and ͑c͒ VB of the Ge͑001͒, ͑d͒ Mg 3d CL and ͑e͒ VB of the MgO ͑10 nm͒/Ge, and ͑f͒ Ge 3d and ͑g͒ Mg 2p CLs of the MgO 3nm/Ge. The closed circle, cyan, and magenta lines represent raw data, background, and fit curve, respectively. 3.52Ϯ 0.07 eV and the ratio of ⌬E C / ⌬E V is thus close to ϳ1, indicating a type-I band alignment at the MgO/Ge interface. Figure 3͑a͒ illustrates the schematic energy band diagram taking into account the band bending in the MgO/ n-Ge heterojunction.
In order to understand the physical mechanism governing the band alignment of the MgO/ n-Ge heterojunction including the large band bending effect, one should consider the formation of an interface dipole at the MgO/Ge interface. Tersoff 23 has proposed that the band alignment between two SCs ͑or insulators͒ is controlled by the charge transfer across the interface and the resulting interface dipole, which modifies the band lineup given by the electron affinity model. According to the proposal, the CBO͑⌬E C ͒ is described by the matching of the charge neutrality levels ͓CNLs, ͑ CNL,Ge , CNL,MgO ͔͒ of Ge and MgO, modified by the S parameter of MgO 24 as follows:
where Ge and MgO are the electron affinities of Ge and MgO, respectively. The S is given, semiempirically, 24 by S Ϸ 1 / 1 + 0.1͑ ϱ −1͒ 2 . From the electron affinities of Ge ͑4.13 V͒ and MgO ͑1.30 V͒, and the optical dielectric constant ͑ ϱ ͒ of MgO ͑3.18͒, the expected CNL difference ͑q CNL,MgO − q CNL,Ge ͒ is 2.16 eV. Also, considering the fact that the CNL of Ge ͑E CNL,Ge ͒ is restricted to lie within the band gap of Ge, the CNL of MgO ͑E CNL,MgO ͒ may be located between 1.49 and 2.16 eV below the VBM of Ge ͑E V,Ge ͒. This implies that most of acceptor states are filled via electron transfer from the Ge side, causing a large negative charge at the MgO interface ͑and a large positive charge in the Ge͒, which induces the large band bending in the Ge side through the formation of an interface dipole, as depicted in Fig. 3͑b͒ .
In conclusion, we have investigated the energy band structure of the single crystalline MgO/ n-Ge͑001͒ heterojunction by XPS. A type-I band alignment with the VBO of ⌬E V = 3.64Ϯ 0.07 eV and the CBO of ⌬E C = 3.52Ϯ 0.07 eV is found. The band alignment including the large band bending was analyzed by the theoretical model taking into account the formation of the interface dipole. 
